We have investigated modulation of the effective damping constant a eff via spin currents through the spin Hall effect for Permalloy/Pt bilayer films with various thicknesses. The observed linear and sinusoidal dependences of current density and field direction on a eff are in agreement with the analytical model. By comparing the thickness dependence of spin Hall angle obtained from the damping modulation with that previously obtained by spin-torque-induced ferromagnetic resonance, we show that there is no clear extrinsic contribution in the present method. We also show the large modulation of the effective damping constant (down to $20%) in the high-current-density region. V C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867649] Spin current and related phenomena have been intensively studied in the field of spintronics, which is the electronics that enables devices to utilize both the charge and spin degrees of freedom of conduction electrons. A spin current is a flow of spin angular momentum without a net charge current, which produces unique physical phenomena that enable new functions to be added to conventional electronic devices. The spin Hall effect (SHE) 1-4 is of particular importance because it converts a charge current into a spin current through spin-orbit interaction, while the inverse effect (inverse spin Hall effect: ISHE) converts a spin current into a charge current. SHE and ISHE have been studied in detail for several years, 5-7 and magnetization switching 8, 9 and auto-oscillation 10,11 using SHE have been demonstrated. However, the physics of spin torque via SHE has not been fully understood, and the problem of possible extrinsic effects has still been debated. In fact, although the spin Hall angle, h SH , which is a measure of the efficiency of converting a charge current to a spin current and vice versa, is the key parameter for describing SHE, h SH reported for various transition and noble metals, such as Pt, Ta, and Pd, 12-14 to date are not consistent with each other. For example, h SH for Pt is estimated from 0.02 to 0.08, while h SH for Ta is estimated from $À0.01 to more than À0.1.
Spin current and related phenomena have been intensively studied in the field of spintronics, which is the electronics that enables devices to utilize both the charge and spin degrees of freedom of conduction electrons. A spin current is a flow of spin angular momentum without a net charge current, which produces unique physical phenomena that enable new functions to be added to conventional electronic devices. The spin Hall effect (SHE) 1-4 is of particular importance because it converts a charge current into a spin current through spin-orbit interaction, while the inverse effect (inverse spin Hall effect: ISHE) converts a spin current into a charge current. SHE and ISHE have been studied in detail for several years, [5] [6] [7] and magnetization switching 8, 9 and auto-oscillation 10, 11 using SHE have been demonstrated. However, the physics of spin torque via SHE has not been fully understood, and the problem of possible extrinsic effects has still been debated. In fact, although the spin Hall angle, h SH , which is a measure of the efficiency of converting a charge current to a spin current and vice versa, is the key parameter for describing SHE, h SH reported for various transition and noble metals, such as Pt, Ta, and Pd, [12] [13] [14] to date are not consistent with each other. For example, h SH for Pt is estimated from 0.02 to 0.08, while h SH for Ta is estimated from $À0.01 to more than À0.1.
A possible technique for detecting SHE and estimating h SH is the spin-torque-induced ferromagnetic resonance (ST-FMR) for ferromagnetic (FM)/non-magnetic (NM) bilayer thin films. 7 When an ac passes through the film, both the Oersted field and the spin current generated by SHE excite the magnetization dynamics inside FM. The response can be probed as a dc voltage spectrum given by the product of the ac and oscillatory change of anisotropic magnetoresistance in FM which is similar to the spin torque diode effect in magnetic tunnel junctions. 15 The spectrum typically shows an asymmetric shape, where the symmetric and anti-symmetric components correspond to the spin currentand Oersted field-induced excitation, respectively. The ratio between symmetric coefficient (S) and anti-symmetric coefficient (A) is proportional to the conversion efficiency g from charge current inside NM to spin current inside FM which gives a measure of h SH . We previously investigated the thickness dependence of the spectrum intensity ratio (SIR) of ST-FMR spectra and found that g strongly depends on both the FM and NM layer thicknesses. 16 Further evaluation for SHE can be performed by probing the change of the half-width at half-maximum (HWHM) of the ST-FMR spectrum under a dc, which corresponds to the SHE induced effective damping modulation (EDM). 3, 7 In this Letter, we have demonstrated the detailed thickness dependence of SHE-induced EDM. By comparing the FM/NM thickness dependence of g with the results previously obtained from SIR for the same series of samples, 16 we show that there is no clear extrinsic contribution in the present method. Based on the understanding of the SHE-induce EDM, we also show that large modulation of EDM (down to $20%) can be achieved in the high current density region, which will be useful for future spintronic devices.
A schematic illustration of the SHE-induced EDM used in this study is shown in Fig. 1 . In the FM/NM bilayer thin film, the Gilbert damping parameter of the ferromagnetic layer is effectively enhanced to a certain value (a eff 0 ) from its intrinsic value due to the spin pumping effect. 17, 18 When a dc flows in the film, a transverse spin current is generated inside the NM layer due to SHE and is injected into the FM layer. The injected spin current exerts spin transfer torque on the magnetization, which modifies the observed damping parameter a eff, where e is the electron charge, l 0 is the permeability in vacuum, M s is the saturation magnetization, H ext is the external magnetic field, t is the FM layer thickness, h is the angle between the charge current and magnetization, and hJ s =2e is the spin current density. Using this equation, we can evaluate the ratio g ¼ J s /J NM based on a procedure different from SIR, where J NM is the charge current density inside NM. We assume that g equals h SH in the transparent limit. 7, 16 Samples comprising a Ta cap (1 nm)/Pt (d)/Py (t) layer stack were grown on an undoped Si substrate (20 Â 20 mm 2 ) using rf magnetron sputtering at a base pressure of 4 Â 10 À7 Pa. The Pt thickness (d) was varied from 0 to 11 nm, while the Py thickness (t) was varied from 0 to 17 nm using a linear motion shutter system. The Py layer was deposited from a Ni 80 Fe 20 target. The resistivities of Py and Pt were calculated from the resistance measurement for all the samples on the substrate with different layer thicknesses and were evaluated to be 36 and 28 lX cm, respectively. The film was patterned into rectangular shaped elements with length and width of 65 lm and 10 lm, respectively. A magnetic field was applied in the film plane while h was varied from 15 to 75 . A dc through a bias tee was used to generate transverse spin current and modulate a eff . The dc dependence of a eff was evaluated from HWHM(D) probed by ST-FMR with applying an ac. Notice is that g can be estimated by the different manners, i.e., EDM and SIR for the same samples. A typical excitation frequency and power level were 5 GHz and 0 dBm, respectively. All the measurements were performed at room temperature.
Typical spectra for various dc's applied to a Py (1.9 nm)/Pt (3.5 nm) sample with h fixed at 45 are plotted in Fig. 2(a) . The spectrum in the absence of a dc corresponds to the ST-FMR spectrum for SIR. The spectrum width was narrower when a positive current was applied and broader when a negative one was applied. To analyze the results in a quantitative manner, we evaluated D and a eff by fitting the spectrum to the analytical solution. 7, 16, 19 The a eff was derived using a simple relation: D ¼ 2pfa eff /c, where c is the gyromagnetic ratio. Figure 2 (b) plots a eff and D as a function of the charge current density in the Pt layer (J Pt ). Here, J Pt was calculated by the resistivity and thickness ratios of the Py and Pt layer. Both of them were linear functions of J Pt , and J s /J Pt (¼g Pt ) in this sample was estimated using Eq. (2) to be 0.044.
The t and d thickness dependencies of g Pt from Da eff using Eq. (2) are plotted in Fig. 3(a) . The g Pt dropped sharply from a nearly constant value when the Pt layer thickness was less than $2 nm. This is attributed to the relationship between d and the spin diffusion length of Pt (l s Pt ). That is, when d is close to l s Pt , the spin accumulation inside the Pt layer is suppressed by the boundary condition. The l s Pt can be estimated by using
where g SIR. 16 In the present study, g Pt 1 was independent of t while g Pt 1 linearly increased in SIR. The EDM and SIR are fundamentally the same in terms of the use of SHE. The difference lies in the type of excitation source used: ac or dc. This suggests that there is an extrinsic contribution due to the ac in the SIR measurement. A possible origin of this is spin wave excitation in the FM layer due to the spin-polarized current inside the FM layer. 20 Another is the modification of the spin accumulation due to ISHE, 3, 5, 12 which was neglected in previous studies. These contributions can explain the linear dependence of g as a function of the Py thickness. In this sense, the EDM measurement can be considered to be more reliable than SIR and detailed consideration is required in SIR. , and 75 . In the low current density regime, Da eff was a linear function of J Pt for each h. Figure 4(b) shows the h dependence of Da eff . Da eff increased with h, which is well fitted by a sinusoidal function. These results agree with those of Eq. (2), suggesting again that the present method is free from the extrinsic excitation that appears in case of ST-FMR.
It is noted that a eff can be reduced down to $20% for J Pt ¼ 6 Â 10 11 A/m 2 and h ¼ 75 , which is largest modulation in simple ferromagnetic/non-magnetic bi-layer thin films. When a eff reaches 0, the auto-oscillation of the magnetization can be excited. The auto oscillator using SHE has been already demonstrated in current-confined structures 10, 11 that is similar to the giant magnetoresistance (GMR) and tunnel magneto resistance (TMR) nano-pillars/point-contacts. In these devices, however, excited areas are restricted in nano-scale. On the other hand, our results have been obtained for the samples with unrestricted area, showing the possibility of developing different types of auto-oscillators with an arbitrary shape and volume which can generate large magnetic flux.
In summary, we have demonstrated the film thickness dependence of a eff for Py/Pt bilayer films due to SHE. The estimated J s /J Pt was similar to the value obtained by SIR and was independent of the Permalloy thickness, suggesting that the present method is free from extrinsic excitation due to rf current. The estimated values of g Pt 1 and l s Pt were 0.050 6 0.007 and 0.67 6 0.06 nm, respectively. The effective damping constant was reduced to 20% at J Pt ¼ 6 Â 10 11 A/m 2 and h ¼ 75 . 
